Zinc finger protein ZPR1 (ZPR1) binds to eukaryotic translation elongation factor 1 (eEF1) in response to growth stimuli, and is also involved in transcription and cell cycle regulation. In this study, we characterized the interaction of ZPR1 and eEF1 and generated a ZPR1 mutant that constitutively interacted with eEF1. ZPR1-ÁA (Á193-246) bound to eEF1 independently of Zn 2þ in vivo. This study indicates that ZPR1-ÁA (Á193-246) is a useful tool to provide structural insights into ZPR1 and to investigate the biological significance of the interaction between ZPR1 and eEF1.
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Key words: zinc finger protein ZPR1; eukaryotic translation elongation factor 1; zinc ion Zinc finger protein ZPR1 was originally identified as a zinc finger protein that acts as a signaling factor relaying proliferative growth signals from the cell surface to the nucleus.
1) It interacts with tyrosine kinase receptors in quiescent mammalian cells, but when stimulated by mitogens, it is released from the receptors and binds to eukaryotic translation elongation factor 1 (eEF1). 2, 3) Previous studies suggest that the interaction between ZPR1 and eEF1 plays a critical role in normal cell growth, proliferation, and cell cycle progression, 2, 4) whereas ZPR1 also interacts with the survival motor neurons (SMN) protein, and these proteins co-localize in small subnuclear structures, including gems and Cajal bodies. 5) Mutations of the SMN gene are major causes of spinal muscular atrophy, and SMN-ZPR1 complexes presumably participate in the pathology of the neurodegenerative disorder. 6) Thus, the ZPR1 protein is involved in a variety of cellular signalings via interaction with intracellular proteins, but the molecular mechanism by which these functions are carried out remains unclear. In this study, we characterized the interaction between ZPR1 and eEF1 and found a novel ZPR1 mutant Á193-246, that can constitutively interact with eEF1. Although a detailed functional analysis of ZPR1 mutant (Á193-246) is needed, this study suggests that mutant ZPR1 (Á193-246) is a useful tool to investigate the physiological significance of ZPR1 binding to eEF1.
A previous report found that a 20-amino acid core region (residues 202-221) of Saccharomyces cerevisiae (S. cerevisiae) ZPR1 is essential for the binding to eEF1, and that this region is well-conserved in mouse ZPR1.
2) The first aim of the present study was to search for potential components other than eEF1 involved in the ZPR1 signaling pathway, so we constructed a deletion mutant, ZPR1-ÁA (Á193-246), for yeast twohybrid screening. A cDNA encoding full-length mouse ZPR1 was isolated and subcloned into the EcoRI and SalI sites of yeast expression vector pBTM116, which generated pBTM116-ZPR. To produce pBTM116-ZPR1-ÁA, two polymerase chain reaction (PCR) fragments were obtained using two PCR primer sets, 5 0 -GCGCCTGAAAAAACAGGGCAATAAGTC-3 0 and 5 0 -TCTCGAGGACCAGTGTGAAAGGGGAAG-3 0 , and 5 0 -TCTCGAGGCGGAAGAGGAAGACCTTAG-3 0 and 5 0 -GCAACCTGACCTACAGGAAAG-3 0 with pBTM116-ZPR1 as template, and these were subsequently inserted into pBTM116. Firstly, we performed yeast two-hybrid screening using ZPR1-ÁA as bait. pBTM116-ZPR1-ÁA was introduced into L40 cells, which contain a his3 strain carrying the lexA-HIS3 and lexA-lacZ constructs as reporter genes. This strain was then transformed with the pGAD-C-based S. cerevisiae cDNA library. After 3-7 d of incubation at 25 C, His þ transformants were selected in the presence of 1 mM 3-amino-1,2,4-triazole and the pGAD-C DNA insert in these cells was characterized. Among the 56 cDNA clones isolated in this yeast two-hybrid screen, unexpectedly, sequence analysis revealed that 52 cDNA clones encoded S. cerevisiae eEF1 (data not shown).
To characterize the interaction between ZPR1 and eEF1, we constructed a series of ZPR1 deletion mutants and then tested for their ability to associate with eEF1 in the yeast two-hybrid system. cDNAs encoding part of ZPR1 (amino acids 198 -246, or 245-462) were amplified using PCR primer sets, 
GAAAG-3
0 , with pBTM116-ZPR1 as template, and were digested with EcoRI and SalI and subcloned into the EcoRI and SalI sites in pBTM116. This generated pBTM116-ZPR1-Z1, pBTM116-ZPR1-A, and pBTM116-ZPR1-Z2 respectively. As shown in Fig. 1A , we found that the N-terminal sequence between amino acids 1-197 and C-terminal sequence between amino acids 245-462 were not sufficient for binding to mouse eEF1. To determine whether ZPR1-ÁA can interact with mouse eEF1 in mammalian cells, we carried out co-immunoprecipitation assays. The full-length cDNA encoding mouse eEF1 was isolated by reverse transcriptase-PCR using the total RNA from mouse RAW264.7 cells and a PCR primer set, 5
0 -GAGAATT-CATGTCTGCCAGCGGGGC-3 0 and 5 0 -GTTTTCCCA-GTCACGAC-3 0 , which was subcloned into pFLAG-CMV-2 (Sigma, St. Louis, MO). The full-length mouse ZPR1 cDNA or deletion mutants of ZPR1 cDNA was subcloned into pcDNA3.1/His (Invitrogen) plasmid vector. HEK293 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen), 100 units/ml penicillin, and 100 mg/ml streptomycin at 37 C in 5% CO 2 . We co-expressed a FLAGepitope-tagged eEF1 (FLAG-tagged eEF1) with Xpress-epitope-tagged ZPR1 (Xpress-tagged ZPR1) in HEK293 cells using LipofectAMINE 2000 (Invitrogen), as described previously. 7) After HEK293 cells were scraped into ice-cold lysis buffer (10 mM Tris-HCl, pH 7.5, 1% Nonidet P-40, 0.15 M NaCl, 10 mg/ml aprotinin, 10 mM leupeptin, and 1 mM dithiothreitol) with 1 mM EDTA, cell extracts were centrifuged at 16;000 Â g for 15 min at 4 C to remove cellular debris. The supernatants were immunoprecipitated with anti-FLAG antibody M5 (Sigma) with protein G-Sepharose (GE Healthcare Bioscience, Piscataway, NJ) for 4 h at 4 C by rotation. The beads were washed 5 times with lysis buffer, and the immune complexes were eluted by heating at 95 C in 2 Â SDS sample buffer, subjected to SDS-PAGE and then transferred to an Immobilon P filter (Millipore, Bedford, MA). Western blot analysis using anti-Xpresss polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was performed as described previously.
8) The ability of an antibody against the FLAG-epitope to precipitate complexes of eEF1 and ZPR1 suggests that these two proteins strongly interact in vivo (Fig. 1B) . In agreement with the yeast two-hybrid system, the N-terminal region (amino acids ) and the C-terminal region (amino acids 245-462) did not bind to mouse eEF1, but we observed a strong interaction between ZPR1-ÁA and eEF1 in mammalian cells as compared to wild-type ZPR1. ZPR1 has been identified as a zinc finger protein consisting of a duplicated module (C-X 2 -C-X 25 -C-X 2 -C), termed as a ZPR1 domain, suggesting that zinc-binding is essential for the global structure of this domain and stable interaction with eEF1. 9) We expected to find that stable binding of wild-type ZPR1 to eEF1 is dependent on zinc binding. We co-expressed FLAG-tagged eEF1 with Xpress-tagged ZPR1 in HEK293 cells, and these cells were disrupted by sonication in ice-cold lysis buffers: with no EDTA, with 1 mM EDTA, with 50 mM ZnCl 2 , or with 50 mM ZnCl 2 plus 1 mM EDTA. After the cell extracts were centrifuged, the supernatants were subjected to co-immunoprecipitation assays using anti-FLAG antibody, as described above. As shown in Fig. 2 , Western blot analysis using anti-Xpress antibody indicated that ZPR1-ÁA constitutively bound to mouse eEF1, suggesting that ZPR1-ÁA interacts with eEF1 Following selection on leucine/tryptophan-negative plates, each colony was isolated and assayed for activation of -galactosidase (-gal). B, HEK293 cells were cotransfected with pcDNA empty vector, pcDNA-ZPR1-WT (ZPR1-WT), pcDNA-ZPR1-ÁA (ZPR1-ÁA), pcDNA-ZPR1-Z1 (ZPR1-Z1), pcDNA-ZPR1-A (ZPR1-A) or pcDNA-ZPR1-Z2 (ZPR1-Z2) in combination with pFLAG-eEF1. Twenty-four h after transfection, whole cell lysates were prepared in lysis buffer (with 1 mM EDTA), separated by SDS-PAGE, and then immunoblotted with anti-FLAG antibody (lower panel). The same lysates were immunoprecipitated with anti-FLAG antibody, separated by SDS-PAGE, and then immunoblotted with anti-Xpress antibody (upper panel). WT, wild type.
independently of Zn 2þ . We also noted a strong interaction between wild-type ZPR1 and eEF1 in the presence of ZnCl 2 . Here, to investigate further the role of Zn 2þ in the formation of wild-type ZPR1-eEF1 complexes, we co-expressed FLAG-tagged eEF1 with Xpress-tagged ZPR1 in HEK293 cells. These cells were then cultured in DMEM in the presence and the absence of ZnCl 2 for 12 h. At the end of cultivation, the cells were washed with PBS. Cell extracts were prepared in ice-cold lysis buffer, and the supernatants were subjected to co-immunoprecipitation assay with anti-FLAG antibody, as described above. As Fig. 3 shows, the binding of ZPR1-ÁA to eEF1 was stable and was not affected by the addition of ZnCl 2 , whereas exogenously added ZnCl 2 promoted the interaction between wildtype ZPR1 and eEF1.
This study suggests that ZPR1-ÁA (Á193-246) is an intriguing mutant that binds to eEF1 independently of Zn 2þ , and that intracellular Zn 2þ is essential to the interaction between wild-type ZPR1 and eEF1. Further studies are needed to determine the intracellular concentration of Zn 2þ necessary for the binding of wildtype ZPR1 to eEF1. Because the ZPR-eEF1 complexes are considered to be involved in a variety of cellular signaling pathways, including normal cell growth, cell proliferation, and cell-cycle progression, the use of ZPR1-ÁA (Á193-246) should contribute to our understanding of the physiological roles of wild-type ZPR1 via interaction with eEF1 at the molecular level. A previous study demonstrated that zinc transporter ZnT-1 mRNA expression was significantly upregulated after transient forebrain ischemia in the Mongolian gerbil, suggesting that an increase in intracellular Zn 2þ in the neuronal cells is a key mechanism underlying neuronal cell death. 10) In addition, we have found that short-term feeding of a high fat-diet up-regulated ZPR1 mRNA expression in mouse brains, 11) suggesting a pathological role of ZPR1, because several studies have also shown that excessive high-fat consumption is a risk factor for neurological disorders. [12] [13] [14] This study implies that interaction between wild-type ZPR1 and eEF1 in the presence of Zn 2þ contributes to neuronal disorders and/or neuronal cell functions. 
